The aim of this study was to compare three different imaging techniques which are used to provide data on the laminar structure of the human cerebral cortex. Region V1 of Brodmann's area 17 stained with cresyl violet was investigated, and a conventional semi-automatic morphometric evaluation, the videomicroscropic procedure and a new transparent¯at-bed scanning technique were compared. The results of each digitizing method were converted into normalized pro®les which allow the laminae in the striate cortex to be displayed. It was found that major laminar patterns can be detected by the scanning technique, but that subsidiary laminations are more clearly displayed by morphometry and videomicroscopy. For magni®cations up to´400 a high resolution transparent at-bed scanner may be used in place of the videomicroscopy technique.
Introduction
In the Human Neuroscanning Project (HNSP; http:// www.anat.mu-luebeck.de/VBP.html), serial sections in the frontal plane of whole human brains were evaluated by automated video microscopic image analysis.
The digitization of large specimens has been undertaken by Laroche (1998) , Montgomery (1996) and Sawhney & Kumar (1997) , who used either whole tissue sections or mosaics of light or electron microscopic images. The investigations of large tissue sections by bright ®eld microscopy is burdened with optical problems. In addition to the problem of precise and reproducible positioning of the scanning stage, there is the additional dif®culty of achieving homogeneous illumination of the specimens (Fig. 1) even with a voltage stabilized lamp. However, the illumination can be optimized in accordance with the principle of Ko Èhler. Furthermore, shading effects on the images have to be corrected (Kindermann & Hilgers, 1994; Inoue Â & Spring, 1997; Sluder & Wolf, 1998) too.
Sophisticated image analysing systems make it possible to control the movement of an object so that it is scanned throughout a prede®ned area, an image being obtained and the shading effects corrected after each step. The images are then brought together to form a single mosaic. Nevertheless, variations in illumination can occur during this imaging process. The shading correction, which is based on a reference image taken under de®ned illumination conditions at the beginning of the evaluation, varies within scanning time because (1) illumination from the microscope decreases with time and (2) depending on the compensation provided by the voltage-stabilized alternating current transformer, the illumination will also vary, thus leading to errors in the shading correction. This effect is clearly visible, especially in those image mosaics the magni®cation of which is diminished by a scaling function (Fig. 1) . Techniques of image mosaic construction or image montaging have been described in detail by Milgram (1975 Milgram ( , 1977 , Tanaka et al. (1977) , Peleg (1981) , Dani & Chaudhuri (1995) , Kumar et al. (1995) , Hsu & Wu (1996) , , , Rousso et al. (1997 Rousso et al. ( , 1998 , Srinivasan & Chellappa (1997a and Shum & Szeliski (1998) .
Illumination problems can be avoided by using scanning techniques, because the light source and the optical projection system move continuously in front of the object plane during a relatively short imaging period. Furthermore, the illuminated area is large in relation to the scanning sensor. This kind of imaging could be of great importance for the imaging of neurobiological specimens, because the imaging process is simple. One disadvantage, however, is the necessity for a large storage device, because high resolution scanners > 1000 dpi (dots per inch) can easily produce images of up to 10 3 MB. To explore the quanti®cation of images generated by a¯at-bed scanner, histological sections were ®rst scanned and then compared with high resolution scans derived from the video microscopy of regions of Brodmann's area 17 of the human cerebral cortex. In addition to this, both automatic procedures were compared to an extensive and precise semi-automatic measurement of the same regions. If a transparent¯at-bed scanner can image sections in a suf®cient quality at de®ned magni®cations, it could be used for imaging neural cytological (Campbell, 1905; Brodmann, 1909; von Economo & Koskinas, 1925; Bailey & Bonin, 1951; Sarkissov et al., 1955; Hassler & MuhsClement, 1964; Jones, 1987) , myelogical (Vogt & Vogt, 1926) , angiological (Pfeifer, 1930; Duvernoy, 1979) or pigment (Braak, 1980) architectonics. Furthermore, the scanning technique could be used for the fast imaging of immunohistochemical results (Preusse & Schmitt, unpublished) and their topological quanti®cation, as well as for the imaging of enzyme histochemical architectonics (Pope et al., 1952; Wied, 1966; Pope, 1968; Wied & Bahr, 1970) . In this study, a grey level index (GLI) analysis (Adhami, 1973; Hudspeth et al., 1976; Schleicher et al., 1978; Schleicher & Zilles, 1990; Schleicher et al., 1998; Semendeferi et al., 1998; Schleicher et al., 1999) was undertaken in order to discover whether videomicroscopic GLI pro®les can also be compared with microdensitometric pro®les of images generated by¯at-bed scanners. The advantage of the GLI calculation is its simplicity, its speed and the reasonably good visualization of the complex morphological organization of tissue which it provides. A more sophisticated automated 3D segmentation of structures such as neurones and glial cells and the consequent recognition of patterns requires a higher resolution and a more complex algorithmic solution. This has been demonstrated for central nervous system histology by Schmitt & Eggers (1997a) . However, such a solution of a complex image segmentation problem needs a relatively long computation time. One disadvantage of the GLI calculation and the microdensitometric measurement is that every structure (vessels or artefacts, such as tears) lying in the foreground of an image will in¯uence the GLI values and therefore the GLI pro®le curves.
Videomicroscopic and scanned images were compared with the arti®cial cytoarchitectonic images derived from interactively measured cells of the same region. Such an extensive and precise comparison of different imaging and visualization techniques as this is presented here for the ®rst time.
Materials and methods
The brain of a healthy 92-year-old man was ®xed in buffered 4% formalin solution and dissected as described by Haug (1979 Haug ( , 1986 . A tissue block from Brodmann's area 17 was embedded in paraf®n wax at 60 8C, and from this 20 mm sections were cut, stained with cresyl violet and mounted in Entellan.
Videomicroscopy (Fig. 2a) The section was then placed perpendicular to the pial surface under a light microscope or videomicroscope (Zeiss). The total magni®cation on the computer display with the videomicroscopy technique (VMT) was´660, using a´25 objective and an Optovar with a magni®cation of 1´25 (r 0´503). The specimen was placed on a scanning stage which can be moved by stepping motors in the x and y directions. The micrometer was adapted to a further stepping motor for movement along the z axis. This system is connected to a motor control processing (Kontron) box which is steered by an image processing macro (IBAS 2´5, Kontron). The macro allows the investigator to de®ne the region of interest (ROI), after which it automatically moves to each measurement ®eld in this region. When the stage has been moved to a particular ®eld, a single image is recorded by a grey value camera. This 8-bit grey level image (512´512 pixels) is stored on a hard drive, and the scanning stage moved on to the immediately adjacent ®eld. The path of this movement can be described as meandering'. The images are next reduced to´0´125 and included in a large mosaic or composite image of 8-bit, 1024´1024 pixels (which may easily exceed the size of a scanned image) by a second computer: the generation and processing of such large images is known as`very large scale digital imaging' (VLSDI).
In order to compare all the images, the scanned images ( Fig. 2c,d ) are scaled to the mosaic image, and the GLIs from the VMT images calculated using a 16´16 pixel frame for resolution integration. Each 512 2 VMT image is therefore transformed to a 32 2 GLI image. The GLI is de®ned as the areal fraction of the projected pro®les of the structures in relation to the frame area (in this case 16 2 ) (Schleicher & Zilles, 1990) . The pro®les are segmented by a dynamic threshold procedure after shading correction of the image. The result is a binary image.
The 16 2 frame moves step-wise through the image, and at each frame position the areal fraction of the segmented cell pro®les is calculated. After ®nishing the GLI calculation, the resulting image is visualized by means of a look-up table (LUT) with eight colours. Figure 3a shows the GLI image of the VMT.
The scanned images, transformed to the same LUT, are shown in Fig. 3b and c. According to Schleicher & Zilles (1990) , the use of a median ®lter will eliminate details in VMT images which are smaller than (m 1)/2 (Prewitt, 1965; Pratt, 1978) where the median ®lter m consists of a ®lter matrix of m 2 elements (pixels). Such a ®lter is built into the scanner simply by scanning at a lower resolution.
The next step is to ascertain to what extent the GLI pro®les of VMT images and microdensitometric pro®les of FBS images may differ. This requires the investigator to de®ne a pial border and a border between the cortex and the white matter. Beginning with the pial border, an additional pro®le line is generated to reach the nearest point on the cortex±white matter border, and this is moved pixel by pixel relative to the pial border. After each shift, the GLI values below the pro®le line are determined. The GLIs are summed in a vector and averaged after the pro®le line has reached its target. This averaged vector is then normalized within the cortical depth. The resulting GLI pro®les are ®rst visualized unsmoothed (Fig. 4a,c,e,g ), and then after smoothing through a fast Fourier transform ®lter. In order to compare the smoothed GLI pro®les derived from different imaging processes, mean relative peak heights are calculated by formula (1). d is the height of the local amplitude of the pro®le under consideration. Flat-bed scanning (Fig. 2b,c) The same region was scanned by a FBS (DuoScan, Agfa, Cologne) which is able to deal with the transparent samples used here, and also non-transparent samples in re¯ection mode by means of twin plate scanning technology. The images produced by a scanner are also called scannograms. Because the vertical resolution differs from the horizontal a graph paper (Fig. 5 ) was scanned in order to assess a possible geometric distortion. This scanner has a maximal horizontal resolution of 1000 points per inch (12´7 mm/ pixel: r 25´4) and a vertical resolution of 2000 points per inch (r 12´7). The same region was also scanned by an Agfascan T5000 with a scanning resolution of 2500 horizontal points (r 10´16) and 5000 vertical points per inch (r 5´08 Functional stability of a scanner run under the control of Windows NT 4´0 (service pack 4) and with one SCSI adapter can be achieved if the SCSI-Bus is scanned before each operation. Because batch scans are often used to collect high resolution data from large specimens, the PC must be optimized to the needs of the scanner. The scanner has a TWAIN interface which is under optimal control by the software Fotolook 3´0 (Agfa). A grey level scan of an area of 2´5´10 3 mm 2 at a 800 parts per centimetre (ppcm) resolution with the system described above takes about 100 s. However, this depends on the processing speed, bus clock rate and hard disk or RAM speed. It will work faster with the latest PC systems (100 MHz PCI board, U2 W Ultra-2-LVD adapter and 500 MHz PIII CPU). Processing and analysis of the scanned images are carried out by a KS400 3´0 (Zeiss Vision, Munich-Hallbergmoos). However, the processing of VLSDIs larger than 4 Mpixel Khoros (Khoral Research) is more stable if run by Linux or Unix than under the control of Windows NT.
A preliminary low resolution image is ®rst scanned. This provides an overview on which the ROI can be marked. This region is then scanned at maximal resolution and with a dynamic range of 8 bits per colour channel of the tricolour (red, green, blue) model. Larger dynamic ranges of 12, 24 and 36 bits are possible, but of no value, because cresyl violet produces monochromatic staining, and the detection Fig. 3 . Colour-coded GLI mosaic and FBS images of the same cortical region. (a) GLI mosaic generated by videomicroscopy (VMT). (b) Grey scale images produced by low resolution FBS (10002 000 dpi) and (c) high resolution FBS (2500´5000 dpi) matched with the same LUT as used for the GLI mosaic in (a). Fig. 4 . Normalized pro®les. In (a) the local amplitude is shown. It is used to measure the mean local amplitude height in the pro®les. The GLI, densitometric and morphometric pro®les were all converted to the same scale in order to facilitate their comparison. The devices and frequencies are referred to the ordinate. a, c, e, g: unsmoothed pro®les. b, d, f, g: smoothed pro®les. Fig. 5 . In order to detect geometric distortions in the scannograms, a sheet of graph paper was scanned and distances at certain positions measured at resolutions of 200 ppcm and 800 ppcm. It is obvious that no distortions are detectable by simple visual inspection of this sample.
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of structures in the foreground (cells) will produce reliable results from the analysis of 8-bit grey level or 3´8-bit colour images. Because individual cells within the VLSDI are not distinguishable, the GLI was not applied. Instead therefore of the GLI pro®les, normalized microdensitometric pro®les were calculated. The sampling scheme is the same as that used to evaluate the video microscopic image, and the microdensitometric and GLI pro®les can be compared with each other accordingly. Figure 2b represents an FBS at a resolution of 1000 ppi. The white stripes in this image are not visible in the original image, being derived from the Lazar printing technology of a 600 dpi laser printer. They do not therefore affect the microdensitometric measurements. With this technique we were able to reach a non-interpolated printing resolution of 4800 dpi. The advantage is that one can recognize the ®ner details, particularly those shown in Fig. 2b . However, there is also the disadvantage that vertical stripes appear, although these may be reduced by tilting each dot through 458. If the same image is printed by a standard 600 dpi laser printer, the lamination in Fig. 2b appears as an extremely low pass ®ltered image. Figure 6 illustrates another artefact which is derived from the sectioning. These stripes are wider than those produced by the 4800 dpi print.
Semi-automatic method (Fig. 2d) A section of area 17 sectioned vertical to the cortical surface was analysed by means of the interactive morphometry system (MOP3, Kontron and Zeiss Vision) described by Haug (1979 Haug ( , 1986 . The size of the evaluation area was 5221 mm 2 . In this area 8566 neurones were measured and plotted according to their original positions, the evaluation area having been marked on the coverslip. Since cresyl violet stains neurones as well as glial cells and several other types of cell found in the CNS, the investigator must be able to classify cells in terms of such morphological features as shape and size, their location within the tissue, the staining intensity and the distribution of the dye. In this evaluation neurones were considered only because glial cells are nearly homogeneously distributed throughout the cerebral cortex and therefore do not contribute to the appearance of lamination. 
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The measurements were made as follows: each neurone was measured planimetrically in the two dimensions of the microscopic projection plane. This was done by means of a magneto strictive table connected to a computer. On this table a mouse which generates an intense point of red light can be moved by the investigator, the point being projected by a mirror onto the microscope projection plane. Looking down the microscope, the investigator sees the point apparently in the plane of projection, where it can be moved in response to movement of the mouse. A computer program registers these movements and calculates the values of the coordinates of the two-dimensional gravity centres, projection area, maximal diameter and form factor. These parameters ± and in particular the two-dimensional gravity centres ± can easily be plotted. The analysis of the neurone distribution by calculating pro®les was performed in order to compare the results with the pro®les generated by the other methods.
Results

Videomicroscopy
This method (Fig. 2a) naturally provides the most detailed images. After GLI transformation (Fig. 3a) the laminar patterns appear to be less impressive than those acquired by FBS. Nevertheless, the smoothed GLI pro®le (Fig. 4b) shows the highest degree of conformity to the morphometric dataset, and in this way it re¯ects the lamination of the visual cortex. Differences are at least partly due to the fact that the morphometric dataset contains only neurones and no other cells. If the grey level image is considered, the correspondence of the peaks and valleys to laminar speci®cations is easy to visualize (Fig. 4a) , and it becomes obvious that these peaks and valleys in the morphometric and videomicroscopic data do indeed coincide with variations in cortical depth. With FBS methods there are variations to be found with regard to the cortical depth of peaks. The low resolution FBS pro®le seems to be displaced to the left, whereas the high resolution FBS pro®le is shifted towards the right side of the diagram.
In spite of the variations, all the methods used produce pro®les which make it possible to recognize all the laminae of area 17 of the human cortex. However, the FBS pro®les do not show such obvious lamina 2 peaks as appear in the VM or morphometry datasets. Furthermore, these latter peaks are more or less equally distributed, whereas the FBS pro®les tend to increase towards lamina 4. This is in accordance with the mean relative heights of these four smoothed GLI pro®les. The largest average peak sizes are given by the morphometry (x 9´0) and the VM (x 8´8) pro®les. The corresponding values of high resolution FBS (x 7´2) and low resolution FBS (x 5´4) were found to be much lower.
Flat-bed scanning
Before a specimen is scanned the scanner is examined to exclude possible geometric distortion. A sheet of graph paper (Fig. 5) is scanned and the squares appearing in the scanned image measured. These were regular in shape and size, as can be con®rmed by simply looking at Fig. 5 .
Low resolution FBS results in an image ( Fig. 2b ) with a decrease of laminar details which are even more obvious in the microdensitometric pro®le (Fig. 3b) . If the image is generated by high resolution FBS (Fig. 2c) , it offers much more ®ne detail even at the cellular level. The laminar patterns are clearly visible in the grey level image as well as in the GLI transformation (Fig. 3c) .
The normalized microdensitometric pro®les of low (Fig. 4c,d ) and high (Fig. 4e,f) resolution FBS are somewhat different, but the sequence of peaks and valleys is identical.
Semi-automatic method
A plot of the gravitation centres of all the evaluated neurones in the specimen is shown in Fig. 2b . The lamination pattern is clearly visible, and each point actually represents a particular cell. The artefacts do not therefore invalidate this kind of mapping. The pro®le curves in Fig. 4g and h, representing neuronal frequencies related to cortical depth, were derived from this morphometric evaluation. They not only reveal much more detail but also much more noise than the other pro®les in Fig. 4 . In the unsmoothed pro®le (Fig. 4g) , all the laminae are recognizable, and the smoothed pro®le of the morphometry dataset (Fig. 4h) represents the typical cytoarchitectonic lamination pattern of area 17.
In comparison with this smoothed curve, the other curves (representing GLI and microdensitometric pro®les) also seem to be quite similar, although the imaging procedures by which they were obtained are very different.
Discussion
The techniques of morphometry and videomicroscopy can provide very detailed information about cells and about the arrangement of cells. Frequency distributions of cells or GLI pro®les enable reliable descriptions of laminar patterns in the human cerebral cortex to be made. However, both methods require a great deal of time to collect their data.
If absolute geometric measurements are of only secondary importance in the investigation, a digitization technique employing a¯at-bed scanner may turn out to be very useful. The advantage is that truly homogeneous illumination of the image may be obtained without any need to calibrate the camera, illumination or scanning stage. Furthermore, the scanning technique is much faster than any other method, and it is also able to scan large specimens at a high resolution. Serial sections of brains or other large organs can be digitized easily and far beyond the resolution of a nuclear magnetic resonance device, which has a resolution of 700±1000 mm in the z axis and 500 mm in the x and y axes. As an example of such a high resolution very large scale digital image, a frontal section through a complete human brain is shown in Fig. 6 . The ®le size of such a VLSDI is approximately 65 MB.
The FBS technique may be used to reconstruct the whole brain from serial sections, but it is naturally unable to sample different focal planes for 3D high resolution reconstructions. Moreover, the resolution is too low for classi®cation, segmentation or pattern recognition tasks at the cellular level to be possible. Microdensitometric evaluation of the FBS-derived VLSDIs is therefore an adequate analytical approach to the quantifying of laminar, columnar or clustered cell patterns, and has the great advantage that it is much faster and requires no calibration (illumination, scanning stage movement, camera coordinates) of the video apparatus.
As has already been pointed out, the stripes in Fig. 2b and Fig. 6 are of two different kinds. The small stripes in Fig. 2b are derived from the high resolution printing technique (4800 dpi) and do not appear in the scanned image. The larger dark and light stripes, as well as the smaller tissue folds in the whole brain section of Fig. 6 , are simply a result of the sectioning and mounting, and must inevitably affect the appearance of the pro®le at certain locations. Further optimization of the embedding and sectioning processes (Schmitt & Eggers, 1997b) appears to present serious dif®culties. Instead of attempting to improve the analogue techniques, therefore, an image analytical algorithm has been developed which selectively ®lters out folding artefacts in VLSDIs. A further and more generalized approach would involve a four-dimensional algorithm which could unfold a creased tissue section (Cartesian coordinates would represent the geometry and the fourth dimension would involve the dynamic range of the pixels). However, the computation would be very costly ± particularly for VLSDIs ± and especially if the images needed to be elastically matched with non-deformed reference images (Modersitzki et al., 1999) .
In summary it may be said that FBS techniques are to be recommended for the digitization of plastinated or paraf®n sections of organs for clinical studies or teaching anatomy and histology. High resolution FBS may even be useful for 3D reconstruction, and it can also be used to evaluate laminar or columnar patterns of cytoarchitectonic arrangements in the nervous system (Bok, 1959; Oxnard, 1969; Haug, 1978) . The observer-independent detection of areal boundaries (Schleicher et al., 1987; Schleicher et al., 1999) in VLSDI generated by FBS will be investigated soon. These scanning methods are easy to use, cheaper and much faster than morphometry and video microscopy. However, the user should be aware of the built-in smoothing effect and of the optical features of the scanner.
